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Ahslract-  ‘J’hc Aclv:incmcl  Stellar Compass
(ASC) is a sccmncl  generation s[ar tracker
consistil~g  of a C.C1~ camera and its associated
]]liCI’OCO]ll])  LllC.~. ]t iS a true, multi-star tracker
which was dc.signed for the Qksted mission, a
precision mapper of the l;arth’s  magnetic
field. ‘1’hc ASC operates by matching the star
jma~es acqujrecl by the camera to internal star
catalogs. An ini(ial  attitude acquisitiori
(solving the lost jn space. problem) is
pcrforjneci,  ancl then the atlitudc.  of the camera
is calculated in cclcstial  coordinates by
averaging the position of a large nun)bcr  of
stat observations for each image. ‘1’hc ASC
features hif+ accuracy, a smooth response. tc)
cbanginp, star fields, high borcsig,ht  stability,
low power and mass, robust  autonomy,
quatcmion output  and low cost. It is readily
adaptccl to a wide range of missimls,  four of
which arc citccl. Key parameters of the. ASC
for the firstccl and Astrid  11 satellites arc.:
mass as low as 900 ~; power consulnptiolt  as
low as 5.5 W; a single. axis, relative, attitude
atl~,lc  error of less than 1,4 arcsc,c, I< MS, al]cl a

twist, 01- roll angle, relative. accuracy of less
than 13 arcscc, I< MS, as measured at the
hdauna  Kca, ]Iawaii observatories of the
lJnivcrsity of IIawaii  in June 1996.
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1. INII:OI)LJC:IIC)N, ‘1’111{  @RSTI:I) MISSION

‘1’hc 1 )anisll  g,c.omag,nctic  research satellite.
(hstcd [ 1 ] is an autonomous nlicro satellite.
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‘J’hc objective of the satellite is to perform a
precision global  survey of the magnetic field
of the ]ial(h. This will enable scientists to
evaluate the internal ficl(i of the, 1 lar{b and to
compare it to earlier models of the core field,
‘J’hc. last global survey of the magnetic ficlcl
was (ioIlc in the ]ate 1970’s  by the
NASA/GSl~C Magsat satellite.. “1’hc f.ktecl
satcliitc  is shown in IIig. 1.
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]’igure  1. I’hc Chstcd satellite.

‘1’hc cicsigyl of the @rsteCi satellite was il~itiat~~i
ill 1993 an(i it belongs to a new generation  of
IIif,h]y autonomous missions. It is a
sucmssful  example c~f rcali~inp, a faster,
cheaper, better cic.sign. ‘J’he. satellite. is
spoasmxi  by the 1 lanish Governmc.nt,  NASA,
(:NIIS :~llCl l)ARA. ‘1’hc project has take.1]
:]]>l>l”oxi~ll:lte.ly  3 years from concept to
[iclive.ry  of the. flight system, anti the total
costs (including operations) arc approximately
$35M (}; Y97), not inc]u(iing  some acacicmic
sulpr( labor costs.

‘J’hc firstcd p a y l o a d  illcl~lclcs:  a vcctol’
magllctollle.tcr  (3-axis, flux gate sensor of the
compact spherical coil tylm [?]); a scalar
mafyctomctcr  (Ove.rhauscr,  enhanced, proton
pmmsion  magnetometer [3]); an emrp,dic
par(icle  clctcctor (3 energy band [4]) an(i an
~idvancexi  stellar c,olilpass, or ASC (a fully
autonomous star tracker [5]).

‘1’ab]c 1 lists major parameters of the micro
satellite.

la mxicr for the vector map,nctomctcr  to bc
useful, it requires very accurate l)ointins
inforlnation.  ‘1’his  is provi(ic[i  by the ASC.
‘1’hcrcfc)le, the. vc.ctor  magnetometer is
mountmi  togcthc.r  with the. ASC on a SiSiC
optical bench, the CTondola,  as shown in
liig. ?.

‘1’able 1. Niajor paramctm  of the Ckstcd satclli(c
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]iigutc 2. ‘1’hc  Chsbxl  gondola.

2. ‘1’III; AI) VANCIIiI)  S-IW. I AR CC)MI]ASS CONC:IY’I

‘]’hc only practical way to mxt the 20 arcscc,
1 0, attitude knowledge requirement of the
Vector  lll:~~,[lcto]lle,tcl,  is to use. a star tracker.
‘J’ilis  is truc. l>ccausc star trackers USC  thC

llip,hcst-accuracy  available, attitude. reference
system, the celestial coordinates of the
firmament. Since the. intrinsic, catalog
accuracy of a star is about 0.3 arcsec, RMS,
the. limiting accuracy of a stellar rcfcrcllcc  is
mom than sufficient. ‘Jlw ASC greatly c.xccccis
the attitucic knowle(igc necxis of the, vector
lIl:iSi]ct(~lllctcl  with a relative accuracy of 1.4
arcsc.c, RM,S,  sinp,lc, axis, as con firjnui  in led
sky tc.sts,  with tllc flight camera head of 12.7 p,
mass and 0.4 W powc.r consumption.

A]] additional rccluircmcnl  for the firstc(i  st:~r
tracker is that it be nonma~ndic,  in order not
to interfme.  with mag,nctic ficlcl  mcasurcmcnts.
A 1993 survey clisclosccl  that no commercial
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s t a r  t r a c k e r s  w e r e  a b l e  to mc.ct t h e
rcquircmcnts  of magnetic cleanliness, low
mass and low power consumption. ~’hemforc,
n ncw design had to be undertaken and the.
‘J’ethnical Univcmity  of ]Icnmark was chosen
t o  (icsign and build the i n s t r u m e n t .
Subsequently, as part of its support of the.
@rsted  mission, NASA ~oclc YSG funded J})l.
to conduct an indcpcnclcnt  evaluation of the
AS~.

‘1’hc AS~  is separated into two units, the
~;amcra IIead lJnit  (CXIIJ) ancl t h e  IIata
l’rcscessing Unit (1)}’11).  ‘1’hc function of the
C:] 1 [J is to dclivc.r star field image franm to
the. lJI’IJ. “J’})c function of the I>I’ll is to
compare. the images from the ~}1 (J with one
of the two, onboard, star catalogs in order to
identify the stars in its field of view (liOV)
and then, to detcminc  the pointing direction
ancl the twist ang]c of the C.]](J about its
borcsight.  ‘1’hc C31LJ is shown in IJig, 3.

]iigurc 3. ‘J’IIC  t?hs(ccl C1lLJ.

It s h o u l d  be cmphasimd  that there is a
significant diffcrcncc bctwccn  a conventional
star tracker an(i the AS{;.  A conventional star
tracker tyl)ically  consists of a star camera with
integral clcc(ronics.  It clctccts  a small number
of bright images on the. CTI> sensor and
outputs the coordinates of these imag,cs
rc.]ativc to  the. c;~]~.  ‘1’he AS~,  OJ1 the othc.r
hand, transfers the CJltiJ”C  iJllagC  from the. ~~~ 1(J
to the. 1)11 (J, where the bright images dctcctccl
by the. (X31 arc directly compared to a star
catalog aTId the absolute pointing clircction of
the (~~ I(J is output in the form of a quatcrnion.

]Jl OJdC.J’  to provicic  the robust autoJlonly  and
high accuracy dcmandccl  by the mission, tllc

ASCl cktects  and tracks a large number of stars
per image frame. ‘1’hc typical number is 65
with a ]allgc from 25 to 200.”

‘J’he output quatmmion is based on averaging
ttlc positions of all of the tracked stars, thus
rcclucing the r a n d o m  errors  of each s tar
position by the sc]uarc root of the number
bc.ing tracked.

‘1’hc combination of features qualifies the ASC;
as the first example of a new, second
generation type of solid state, U3J based star
tl ackcrs.  ‘1’hc olcl gcmration  used “windowed”
tl-acking  of a small number of stars (typically
3 to 5) an(i no intcrf~al  star catalogs nor
autonomy.

‘1’hc AS~ separation of the clctection  and the
processing functions of a star tracker confers a
nulnbcr  of aclvantage.s. ‘J’hc very low mass of
the. ~}lLJ  permits a precision, kinematic, ball
mount with a borcsip,ht  stability in the
arcsccond rarlge.. “J’his is about 20 times bctmr
than first generation mounting systems. ‘1’hc
low power ancl compact size of the, CHILJ
result in inhc.rcntly stable thermal mcchanica]
properties which furlhcr  enhance pointi Jlg
stability. ‘1’k low power consumption also
greatly simplifies tc.mpcraturc  control. ‘1’hc
separate processor may be readily customid
for  par t icular  miss ions  or  climinalcd
altoge.thcr by implementing its functions in a
]) OWt21’fLl], integrated, central attitucle
controlling computer.

“1’hc ASC; is readily adapted to a variety of
missions. Kcy par:imctc.rs  of it and its miss~on
val iants arc given in ‘1’able 2.

3, ‘I’1lti C311J

‘1’hc C}](J is based on a commercial, interline,
lnicrolc.ns fitted U3J, the, SONY CY )X039A1
and its support chip set. ‘1’he. U~I) has a
lcsolution of 752 x 582. pixels, each with a
dinm]lsion of 8.6 pm x 8.3 pJn. ‘1’hc imaging
lens is a customimd, ‘/ c]cnwmt  double c;auss
type with an integral field flattcmr.  ‘1’hc focal
latio is f/O.7 with a 16.4 mm focal lc.ngtl), and
a 380 nm to 850 nm spectral bandpass filter
coating. It has 4 times the lip,ht gathering
power of the conventional f/1.7 star tracker
lclls. It was clcsignc.cl  to 1ninilni7,c  chromatic
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d i s t o r t i o n  and at the same time yiclcl  a a dc.fau]t  value, of 1 second, resulting in a
controllcxl  and limited point spread function of readout noise lCVC1  of 10 electrons. “l”hc Iligh
so pm cliamctcr  over the entire IOV. “1’hc sped lens, the CXl ) sensitivity and the 1 scc
10V is 22° by 16°, or approximately 1/12.0 of integration time.  result in signal  of 45 electrons
the entire firmament. “J’he (~llLJ  h a s  a pcr pixel for a star with [in instrunlcnt
software settab]c  image integration time, with magnitude of 6.0.

‘1’~blc  2. Kc.y paramckrs  of tlIc ASC and its varirrn[s

PARAMI ill 0<S ‘lmCEzElzzElzm:=~-
StaI- sensitivity thrcslmld,  M

“+)i---- - ‘“”- 1

6.0 4.(J 6.(J g,~
— . ——.—— —-. .

Acquisition data base, number of SMIS 2,200 ‘J’B1) 2,200 4?>654
‘1’racking data base, number of stats 10301 “1’111) 10,301—— 231,43S—— . ..’—
Noise ccluivalcmt angle, 1 axis, RMS, arse.c (A 1.0 1,5 1.5 :<0.1 (s)
Relative accuracy,1 axis, RMS cmr, arcscc (A) 1.4 2.1 ‘2,0 0.54.—
Mass, canwra  head, KS (cxcloclit~baftlc

—.-.—- —
.  0.13 - 0.?6- 0.45 <2.0-—. — — - . .—

Mass, processing electronics, K li 0.80 0.90 1.0—-
]’owcr consu[lll)tion, callwla head, W 0.5 0.4 ().4 0.4_—.— —. ——--.——
I’ower  consumption, proc. eke’s, W 5.() – 7.0– 6,0 - 11.0
1 ‘icld of view, dCgI-CCS

.—
1 6X?? 16X22 1 6X72. - 33 X4..?_.. — —.- . ..— —.

lJ@rtc rate, }Iz
.—

1 2’ ‘2 1— — - ———...
l’crjnissible ri~cli[itior];iosalc,  Kl{ad

——___—.
10 16 100 20——- —— —— —....—. —

i% Qhstcd; All= AS’J’RII)  11; }11’= lligb Mccision; 1: Inkrplanctary;  A= without illla~c Illotion sII~caI; M: ]llcasLlwd  at
MaoIIrI Kca, 6/96; P: ptojcctcd; S= staring moclc;  ‘1’= mcasoIccl at J1’17J’MO, 8/96

4. ‘J’}] ]JIJ}’U #A

“J%c. 111’LJ consists of a 80486 based processor
board, a cligitizcr,  anti a digital intcrfacc.  ‘J’hc
:Illalog imag,c<  from the ~.1 IU is digit iz,ccl and
stored in its frame grabber. All communi-
cations arc. routecl via an 1<S 422 tclcmctry
intcrfacc.. “J’hc processor is an AMD 80486
with a 9519 supporl chip. Its clock rate is
20M h~ for !.?htcd  aild 100 Mh~ for ASrJ’Rl  I )
]!. ‘J”hc processor is quipped  With d Mbykx
of 1 )I<AM  and 4 Mbytes of flash RAM and a
radiation resistant, fuse.-linkcd bootprom.  All
clmtronics  arc protected against single  event
setup  by Currcllt  mcasllI”iJlg  circuits. ‘J’hc flash
RAM ntiliz,cs hamming coding to avoid bit
flips and at regular intervals the ~lW pcrforll]s
bit washes to avoid cloublc  faults.

‘J’hc AS~ operates in two Inoclcs:
attitude.  acquisition and trackins Jmclc..

1
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‘1’hc initial attituclc acquisit ion mode is
automalical]y  entcre. d when n o  prior
knowledge of the [21LJ pointing direction
exists. ‘1’ypical]y,  this occurs  afle.r power on,
or whenever the attitude lock is lost.

‘]’hc  tracking mode (normal operation) is
automatically cntcrccl Whcncvcl a II
approximate attitude is known (e. g., the
previous attitude).

‘1’hc operational flow of the ASC is:

●  lmag,c acc]uisition
● initial attitude acquisition
● ‘1’racking
● Attitude estimate verification

If the attitude calculation is satisfactory, the
sequence is rcpcalcd,  without the initial
attituclc  acquisition, based on the, previous
a[titude  estimate. If the sccluencc is dislurbcd
in any manner, including receipt of an external
reset command, the AS~. automatically re.vcl 1s
to the acquisition mode.

IIurinf, initial attitude acquisition, the star
ccntmicls  arc analyzjcd  for triplet angle sets
based on the nearest ancl second nearest
neighbors of the star being identifiecl.  ‘1’hc
resulting set of triplets is then matched to a
preflight compile.cl  version of the star catalog,
which is the star clatabase.  ‘I%c entries in the.
s(ar database include all possible star triplets.
llase.d cm this match, an attitude is obtained
which is used in the subsequent pmcc.ssingj
[6,7].

As soon as the initial attitude  acquisition algo-
rithm has cstablishccl  an approximate attitude
value, a]l uscable  s t a r s  i n  t h e  IQV are
correlated with stars from the tracking eatalo~.
‘1’hen, a spherical, nonlinear, least sc]uarcs  fit
(1 ,SII’) [8] is performed with very high
precision.

1 luring  normal operation, the AS~ upclatc  rate
of 1 1 lz ensures that images from the previous
frame have only minor position shifts during
spacecraft, 3-axis, stabilized operation. 1 ]cncc,
to save power, only the. I .SIi algorithm needs
to bc. invoked to obtain high precision attitude
estimates for each imagc,whilc  in the tracking,
lnodc.

Should the. attitude. rate of change be.come
excessive, or should son)c  other event make.
the l.Sli  algorithm divert from the correct
solution, the 1 .S17 residual will cxccccl  a preset
value, and the initial attitude acquisition
al~orithm is invoked a~ain, autonomously.

J ‘inal]y,  the attituclc  is corrected for liglit time
abcrrat ion (by an intro )al orbit model, upclatccl
b y  Gf’S i n p u t )  a n d  t h e  quatcrnion  is
transferred to the telemetry queue.

6. COMPONI;NIS 01 ACCLJRACY

‘Jlc effect of noise on attitude errors is a
unique, characteristic of each particular star
tracker design. ‘l’his is especially true for a
complex instrument such as the AS~. “J’hc
crmr ald noise,  impacts on the ASC~ have. been
established through various mcasurcmcnts and
tests. in order clarify the terminology afld to
erg, aniz,e the specific error and noise
contributions into a usable form, the error
budget terms can be placed in the broacl
categories of Nl\A, relative accuracy ancl
borcsight bias, which then combine to form
ttlc absolute accuracy of a star tracker, which
will degrade over its lifetime.

AJ~A

When the AS(2 is presented with the sa~nc
sti]nu]i of an unchanging star ficl(i, rcpcatccily
(iuring staring operations, the calculated
attituclc  will differ from image to inla~c,  even
though the input is const:int.  ‘1’his  is clue to
various noise sources such as photon statistics,
amplifier noise, d:irk current noise, etc. ‘1’hc
resulting attitude, jitter will appear cm the salnc
time scale as the ‘integration time. of the. AS{;.
‘J’his  error is dcfimcl as the noise ecjuivalcnt
angle. (Nl\A).

]’ointillg accur:icy  of a fixed scene.  is largely
limited by the N] iA. “1’hc NJ iA is charactcriye.cl
by hip,h frequency noise terms.

l<clative  A ccutncy

Other error sources can also affect the snort
term accuracy, clcpcnding  on the usc of the
ASC~. When the AS~ is sub~cctcci  to an ilnage
scc]ucncc  from a spacecraft maneuver, or a
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changing star field caused by spacecraft or-
bital rate, the reported attitude will now in-
c]udc.  the error sources listed in ‘l’able 3, in
addition to N}~,A. This category of ctynanli-
cally driven errors defines the relative accu-
racy of the AS~.

Since the, AS~ determines its attitude basccl on
all of the. blight  stars in its FCIV, the accuracy
of the instrument rclie.s on both the accuracy
of the ctctc.rmination of each individual star
ccmtroid, and on the accuracy of the ccntroid
to star catalog matching.

●

●

●

✎

✎

✎

●

●

●

‘1’ahlc  3. ASC dynamic cm or SOUT ccs

Stal catalog cnor
Abbcra[ion cor[ Cclion  CI1 or
1 ,cns chromatic m or
1 ,cns geometric corrcctioin  midual mm
CCI) pixel to pixel variations
Ccntroiding  residual
Close object fLlsin~
1 ;alsc object lock
‘1’illlc stamp unccrtail)ty

IJorcsight Bias {iiId Absoll~te  Acanicy

]iinally, long term effects, typically caused by
thermal or mechanical stressing, will affect the
boresight  pointing know]cdgc  or bias. ‘1’hc
time scale of them effects can cover the span
from lnanufacturing calibration to cnd of life,
including launch induced effects. Whcm these.
c. ffccts arc addecl  to relative. accuracy, the. rc.-
su]ting  summation of all errors is defined as
the absolute accuracy. Since they arc larf,cl y
long term effects, they may be rcgardccl  as
being a bias, ancl arc adclccl  linearly (rather
than in an RSS manner) to the other error
tcrlns. It should bc Ilotcd that calibration)
uncertainty is a component of the total bias
Set.

‘J’hc. ASC~ ~lILJ u s c s  a  unique,,  kinclnatic
mounting systcm which has a positional accu-
racy, and stability, in the low arcsccond  range.
It uscs three, precision, ceramic balls. ‘Jlc
borcsight accuracy achicvc.d  by this system is
at least cmc. order of magnitude better than
conventional, planar mounts. “J’hc usc of the
ball kinclnatic mount is enabled by the vexy
low ~mwcr ancl mass of the H 1 (1.

I,ifctimc  and other Noise h~~ec:ts

Aging and radiation dccrcase accuracy on
both a short term and a long tcrln basis.
1 lcncc, both the bcg,in  of life (11[)1 ,), and the.
end of life (1 K)],) v:ilucs  must be rcco~[linxl.

Gc.ncral]y, the impact on (hc overall accuracy
of the noise of a sinp,lc star cen[roid will bc
]cduce.d  by the square  root of the number of
stars used, duc to the. averaging in the AS~.
1 lowcvcr, a fcw of the c.rror sources are sys-
tematic  and thcrcforc,  cio n o t  s h o w  t h i s
propm(y, such as the borcsight  bias terms.

“1’hc effect of noise. on the precision of the
~natching algorithm has an CvcIi more co]n -
]Ilcx effect. important factors arc 1 ,Sli
residual, false objects and/or n]issinr, links
bc.twcen  ccmtroids and catalog entries, a~ld,
also, catalog errors thcmsc.lvcs. “1’hcsc errors
affect the accuracy in three different ways:

1 ) A bright star is always clctc.ctccl  and linked
reliably. IIcncc, a catalog error will affect the
at(ituclc  dc.termination as long as the. star re-
mains i n  t h e  I;OV. I/or t h e  a t t i t u d e
determination, this will appear as a rc]ativc
a(tituclc  error (rcducd by the sc]uarc root of
the number of stars in the IiC)V).

2) A din] star at just above the detection limit,
will bc dc,tcctcxl  and linked in some inla~cs
and not on others dLlc to noise. “l”llis will result
in an cffcctivc incrcasc in NIiA ancl is in-
elude.d in the NfiA valucx quoted in ‘J’ab]c 2,
cxccpt  for the ASC:-I  11’, as mentioned 1X1OW.
‘Illis will also apply to other noise sources
such as proton induced charges (radiation) and
other false objects such as satellites ill the
1 QV. IIowcvcr, it should be noted  that some
of tlmc incrcascs  in NI iA may bc eliminated
in future applications where a very low, star-
ing N} iA is critic:ill  y important to the Inission.
An example of this is the. AS~-11 I’, where the
projcctcd NIIA assume.s iTl~~>lcll~cl)tatic)~l  of
slarins Inodc operation.

3) A lnoving  star field will have stars cn[cring
ald ]caving  the 10V. IJor the A.S~,  the offset
of onc star changing at a time only results in a
lninor, N}iA-like, effect on pointing accuracy,
bccausc.  of the large number of stars bcin~
tracked. 1 ;or a convmtional  star tracker this cf-
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feet is prcmounccci ancl causes accuracy domi-
l~atil~g  jtl~~l~>s  iTlthcpoilltir~  gpositiol] [9]. The
analog  like response of the AS~ to a chang, inp,
numhcr of stars being tracked effectively sup-
prc.sscs these jumps and provide.s a smooth
attitude report with time am] posilioa  changm.

7. A CQUISITION PERIORMANCH

‘1’hc performance of the lost ill space (1 .1S) al-
gorithm was measured for most of the data
frames taken in Mauna Kea and TMO test
series. ‘1’hc 1 .1S needs to clclivcr the attitude
solution within 0.3” of the true pointing clircc-
tion in order to assure a successful handoff to
the C31+’ algorithm. “1’hereforc, the perform-
ance of the 1.1S algorithm was judged by both
a comparison to the estimated attitude angle
value,  ant] the convcrgcncc of the C31;.

‘1’he. two examples of 1 JS algorithm perform-
ance were both taken with mnith pointing at
Mauna Kca, over a period of hours, with the
star fie.lcl changing at the sidereal rate. 1 bring
that time, the star field motion covcrecl  3 AS(U
l“OVS.

Out of 2581 images which were.  analy~cd,  ti)c
1 ,1S algorithm only Pdilecl for four data fralms.
All four occurred while pointing at a very
meager star field (1 ‘ig. 5). “1’he first two fail-
ures contained light tracks from airp]ancs  ill
two of the failed frames and a tramicnt,  tcle-
scopc dome light causcct  severe illtcrfcrencc in
the other two Pailcd  frams. “J’hc lost frams
were a good test of the. accluisition autononly,
rc.liability  and robust-ncss,  since the, acquisi-
tion valid flag ciroppcd for these four fralncs,
and only these four frames, from all of the. test
sc.rics.

1 ‘ig. 6 shows total acquisition success on a rich
star field on a ‘I’M() rLln. ‘J’hc number of stars
acquired by lhc 1.1S is 20 to 32.

1( should be noted that the tracking data base
inc]uclcs  five times tlm number of stars as the
acquisition ciata  base , so that the number from
which the attitucic  quatcmion  is derived is
Inuch larger  than the number rccluircd  for
acquisition.

.Wcceslully  Ihnked  slars  duting attwde  acquisit,  orb.
m _ ——

li~atc 5. Nun~t~cl of s[ars ]-ccogniml  during
acquisition in a Incagcr  star flcld, zc.nith pointing,

Mautla Kca.

Successfully Ihnked  shrs during allitude  acquisi!m
3, - —.—-

3C

25
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5 ——
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l~igulc  6. Nutl)t)cl  of stars rccognimcl durin~
acquisition in a ricl] s(ar tlcld, mnitll pointing, ‘1’MO.

]n summary, the reliability ancl  robustnc.ss  of
the accluisition  process have, bc.cn demon-
strated. 1]] the four fralncs, out of the thou-
sands, when acquisition cii(i not occur, for
various reasons, the failure was accurately
rcporlcd  by the appropriate. flag status. “J hc
acquisition success in s~)acc call  bc cxpcclcci
to bc even higher, bccausc. of the climil~ation
of groun(i based artifacts.

8. MIiASURIiD  ACCLJRACY

‘1’i]c AS(; has been cvaluatcxi at the JPI, opcr-
:itcd, ‘J’able h40untain  Obscrv:itory  facility
which is ]ocatccl at Wright  woo(i, California on
several occasions [5]. 1 lowcvcr, in June 1996,
the AS~. tcstccl at the observatories of the
lJnivcrsity of IIawaii on h4aut)a Km, IIav’aii
[ 1 ()]. ‘J’hc lmrposc of the. test was to (ictcrmim
the accuracy of the ASC~ with a ~ninima]  pcr-
turbinfl airmass  and the highest ~mssiblc.  qual-

7
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i t y  ol- “sccing”  [11]. q’hcse d e s i r a b l e
evaluation ccmclitions  arc available on Mauna
Kca.

‘1’wo kinds  of accuracy were clctcmincd with
the real sky tests: the N}iA ancl the relative
accuracy. ‘1’hc.  N] iA was measured utili~,ing  a
telescope as an AS~  mount and tracking a
specific, fixed, part of the sky. ‘1’hc tracking
data gathcml  at Mauna Kea included 727
images. As an example, the. uncorrected
dcc]ination  output is shown in };ig. 7.

a, Declination, NEA,
(SCSI. expanded 10 times  vs. roll angle)

,.!.,  . . . . . . .. —. —— —.-. -—.-. -— — ..-. -. ——-.. —-— —-—

1

liIgUIC 7. UncoIIt2ckcl tracking sc.rics of ck.lination
mcasurcmcnts.

Re la t ive  accuracy  was the other parameter
which was cvaluatccl. ‘Jihc IIoisc in pointing
knowledge. with a chanf,ing star field, which is
the relative  accuracy, was mcasurccl  by
pointing the star camera toward the mnith and
acquiring continuous attitude data while stars
driftc.d through the camera ] +OV at tllc sidcrml
rate. When the epoch of the star catalog is the
san~c  as the observing time, the declination
and roll al)glcs rcnlain  constant, whereas the
right ascension incrcascs  with the side.rc:il
l:itc. ‘J’hc.  data acquired at Mailna Kc.:i
imludcd  :i zenith pointing,  series in excess of 2
hours and 2578 images. As an e.xa]l~ple,  the.
uncorrected declination ang,]e  is shown in
1 ‘igure 8.

It should be nc)tcd that the data were accluired
over a pcriocl  of hours. “l”his means that arti-
facts such as fiir stability, thermal displace-
ment of the canmra, changing moon light, and
tc]cscopc  dr i f t  are a lso  iacludcc] in t h e
uncorrcclccl  attituclc  angles. ‘1’hcsc phenomena
are not clircctly rclatccl  to the iastrunlcllt
})crfor[nance  :i~icl  must bc subtl”actcd fmln t}lc
raw data in orclcr to determine the true

instrument performance. Generally, tl)csc
effects vary slowly with time and can be
subtractcci  from the sifyal by utilizing  IJouricr
tr:insforlns [ 1 0]. ‘1’hc effect  of applying a
0.005 1 IZ filter to the zenith pointing data
series is shown ili l;ig. 9, ‘1’hc remaining signal
is a more accilratc representation of the
inherent performance of the instrument. It is
difficult to clcfinc a specific frequency
boundary bctwccn  external artifacts and
internal instrtimcnt  errors, bc.cause the
artifacts arc not WC]] quantificcl.  1 lowcvcr,  a
collscrvativc  pcrforlnance estimate based on
the statistics of the attitu(ie  output, is given 11}
‘1’able  4.

a, [leclinalion,  Qrrxs  relal  iv.  error
(scale expanded 10 times vs. roll angle)
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l;i~urc  8. UnCoIJeckd  zcnitll  sclies of declination
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,7 ,)
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,)  .>

!!.
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!,m,

Itlc;(sllrcl))c.r)ts.

a, Arlifacl  do.xi  nated  components of relahve  acc.  r.cy
measurement, declination, freq  .0.005 Hz

(scale  expanded 10 times  v. roll angle)

I

b, Imtr.  merit do.  dnaled  compo.  enl$ of mlat,  ve accuracy
mcas.remcnts,  declination, ffeq  >0.005 Hz

(scale  expanded 10 times vs. roll angle)

‘“’I” ‘“-’’’”---”---–”--  ““
.

0. ‘“’” ‘1

liigur-c 9. Slow and fast varying coIIIpoIwIIls of

dccli[mtiotl  aIIslcx flolll tlm zcrlith ]mintitl~  sciics.  ASC
relative accuracy is rcprcsc.ntfxl  in b.
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‘1’able 4. AX l’crformturcc  Summary

“a’a’T’c”r*
Ihxlination 1.1 1.4

Rig]l( 1.2 NA
ascension

Roll Angle 8 13

As the absolute instrument accuracy is in the
range of a fcw amcconcls,  it surpasses most
mcchanica]  a t t i tude  t ransfer  sys tems.
‘J’hcmforc, for the tc.tcscopc tests, only the
NIIA and the relative accuracy can be
asscssc.(1  . 13ecausc  of telescope thermal
mechanical pointing chal~gcs,  which dominate
those of the ASC~ and nullify any attempt to
measure the AS{; borcsight  bias terms, the
borcsight  bias drift and offset accuracy terms
cannot bc nleasured  in this manner.

9. ~ONCI  USIC)NS

‘1’hc fully autonomous AS~  differs from
convcmtional star trackers because it solves the
lost in space problcm intcrnal]y, bccausc,  it
outputs the attituclc  directly in cc]cstial
coorclinatcs,  bccausc  of its unusually fas[
optics, bccausc  it is a true mu]ti-star tracker,
and bccausc it scpalates  the detection and
processing functions in separate units. It thus
qualifies as the first example of a second
generation, solid state, star tracker.

‘Iwo diffc.rent kincis of noise were evaluated at
MaLlna  Kca Observatory, }Iawaii.  ‘1’hcse wc.re
the NI~A and the relative accuracy of the AS(;.

‘J’hc abso]utc pointing accuracy of the AS( is
superior to larger star trackers with smallc]
l;OVS, because  the AS~ utilizes  a large
number of stars in the 143V and bccausc the
small siy,c,  low power dissipation and very
stab]c  mount  of the AS~  ~.ll LJ enab]c the
rc.ali~ation  of cxccptiona]ly good mechanical
and thermal mechanical stability.

Robust initial accluisition  was clcmonstratccl  on
both meager ancl rich star fields at Mauna Kca.

While the AS[; was clcvclopcd  to meet the
nc.eels of the f3rstccl mission, it can be.
bcncficial]y  Llscd o n  a  wi(ic range  o f
spacecraft .
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